Soil provides important support for anthropogenic activities, and earthen trails, which have always been present in the natural landscape, are routes of access to various tourist attractions. In recent decades, trails have been widely used as a method of access and visitation to geotouristic attractions. Because trails are restricted routes, transit along these paths also transforms the route into a pathway for the spread of various negative environmental impacts, including compaction and soil erosion of the trailbed. Soil compaction is caused by changes in the soil structure that are partly induced by the use of agricultural or geotechnical machinery and traffic, and the damage is also manifested in a remarkable decrease in porosity, which has clear implications for the infiltration and percolation of water and air associated with the functional porosity of soil. Soil micromorphological characteristics contribute to the analysis of soil porous systems, and the macroporous characteristics visible at this scale include the size, shape and connectivity among voids, which can be studied using different methods of identification, measurement and interpretation. Such methods are applied to understand the pore genesis and, more importantly, the physical behavior of soil-water order management. This work presents the results of analyses of the macromorphological and micromorphological characteristics, porosity, texture and penetrometry resistance of soil profiles on the Farofa Waterfall trail in the Serra do Cipó National Park, and the aim is to provide recommendations for compaction studies along special trails. The results showed that most of the trailbed is more compressed than at the margins, which suggests the need for geoindicator studies of soil quality to monitor the visitation of the trail and improve the conservation of natural resources.
Introduction
Although trails are pathways for transit, they also represent one of the attractions of protected natural areas, and park trails are managed according to planning needs, implementation and monitoring policies. Trail assessment studies have considered different variables; however, most have not considered the micromorphological aspects of soil porosity. Soil micromorphology was initially defined in 1938 by Kubiëna. In 1964 , Brewer published another article based on the structure and mineralogy of soil. Microscopic observations gained increasing attention in the mid-1970s to 1980s with the work of Fitzpatrick (1984) and Bullock et al. (1985a) .
The study of soil porosity has many applications in agriculture and geotechnoloy and for investigating the impacts of recreation. The techniques and instruments associated with micromorphology, such as optical microscopy, can greatly assist in the identification of environmental impacts, such as soil compaction; may contribute to better soil management; and can provide insights to help educate visitors about soil quality and conservation. The concept of soil quality emerged in the 1990s and has been a subject of discussion because of its lack of consensus among scholars (Karlen et al., 1997 (Karlen et al., , 2003 . The term "capacity of the soil to work" reflects that soil is a dynamic living system. Moreover, evaluations of soil quality are relative because of the varied nature and specific functions of soil; thus, the quality of soil can differ without being limiting. Karlen et al. (1997) defined the following soil quality indicators: organic matter, infiltration, aggregation, pH, microbial biomass, N forms, density, horizon depth, conductivity, salinity and nutrients. Satkunas et al. (2001) and Ridgway (2002) highlighted the eco-logical importance of soil quality as a geoindicator. Ball et al. (1997) analyzed the quality of the soil structure under the impacts of agriculture, which contributes to soil compaction, and evaluated the management of soil. Carter et al. (1997) reviewed examples of functions attributed to the soil that are used to evaluate its quality, and they concluded that soil quality is related to various ecosystem functions performed by soil. MacEwan (1997) discussed the pedological aspects of soil quality that could function as geoindicators, such as roots and voids, aggregate stability and color.
Akker and Schjønning (2004) defined soil compaction as a "density increase of unsaturated soils". Compared with the soil surface, which tends to change under compaction by weather or agricultural preparations, the subsurface horizons tend to increase in density. Thus, subsoil compaction is harmful to soil functions, including its role as habitat for fauna and flora. Johnson (2010) suggested indicators for the conceptualization and applicability of soil quality. Although the author focused on the fixation and enrichment of nitrogen as well as the chemistry and biology of soil, certain patterns of soil quality cannot be applied in all cases.
The Serra do Cipó National Park (SCNP) is one of the most frequently visited national parks in the southeastern region of Brazil and a natural protected area, and the Farofa Waterfall is its main touristic attraction (ICMBIO, 2009 (ICMBIO, , 2010 . The main trail that provides access to the waterfall is classified as linear and approximately 8 km long, and it occurs in a fluvial plain geomorphological compartment and the Brazilian savannah biome (ICMBIO, 2009 ). The predominant lithology around the trail consists of quartzite and metadiamictites (Silva et al., 2007; Schaefer et al., 2008) . The high visitation appears to have a negative influence on the abiotic characteristics of the park, such as erosion, floating zone formation, vegetation loss, and soil compaction. Other natural protected areas in other regions of the world have similar problems (Ball et al., 1997; Deluca et al., 1998; Kutiel et al., 1999; Jordan, 2000; Priskin, 2003) , suggesting that studies should focus on improving the monitoring and management of touristic attractions, such as the Farofa Waterfall trail.
The importance of the trail for geotourism is related to the visitors' understanding of the beauty of the relief, rocks, minerals and sediments as well as the influence of geological and geomorphological processes as pedogenic factors. Hose (1995) stated that geotourism is "the provision of interpretive and service facilities to enable tourists to acquire knowledge and understanding of the geology and geomorphology of a site (including its contribution to the development of the Earth sciences) beyond the level of mere aesthetic appreciation". Compared with the conservationist concept of soils for productivity (erosion), the importance of "pedoconservation" using Sharples (1995) concept of geoconservation ("the conservation of geodiversity for its intrinsic, ecological and (geo)heritage values") is "because the crucial role of soils for human survival, pedodiversity preservation merits special attention, perhaps more than other natural resources (Ibáñez and Bockheim, 2013) .
Materials and methods
This work was performed in the Mascates stream valley in the mid-western region of the SCNP, which is located in Jaboticatubas, Minas Gerais State, Brazil (Fig. 1 ). The field work was developed to recognize the trail, identify the relevant points of degradation and select the location of the trenches.
Twelve trenches were opened, including 6 in the trailbed and another 6 in the margins of the main trail. Macroscopic morphological characterizations of the pedological profiles were performed via the collection of disturbed and undisturbed soil samples (Santos et al., 2013) . The disturbed samples were air dried and then used to determine the grain size distribution (EMBRAPA, 2011), and certain aggregates were separated to determine the porosity using the liquid nitrogen adsorption method N 2 BET (Brunauer et al., 1938; Gregg and Sing, 1982) . Undisturbed soil samples were prepared as impregnated thin sections and analyzed via optical microscopy, with a focus on the microporosity, according to criteria of Brewer (1964, 1976) and Bullock et al. (1985a Bullock et al. ( , 1985b .
Figure 1
Study area location and access map; in detail soil thematic chart of Farofa's trail and sampling points.
Source: Nascimento (2017).
A soil penetrometer was applied at 38 points at intervals of 200 m (Fig. 2) along the trailbed and the left and right margins of the trail from the attraction (Farofa Waterfall) to the head office (Areias entrance). Three measurements of soil resistance were performed for each point sampled (Leung and Meyer, 2010 ) using a Geotester ® ST-308 penetrometer with a ring dynamometer (SOLOTEST, 2011), which generated average values.
Results

Penetrometry
For all 38 points along the trail, the measurements on the trailbed showed higher values than those along the edges except Point 30, which had margins that were approximately five times more resistant than the trailbed. Although both sides of the trailbed showed similar values of resistance, the resistance of the trailbed can vary by tenfold compared with that at other points, such as Point 31. The highest resistance values in the trailbed were found in the off-road vehicle traffic zones (from P10 to P38) in association with flooding zones. However, an anomalous value was observed for Point 30, which is located in the offroad vehicle traffic zone on the banks of a grazing area with the presence of horses. A similar finding was observed for Point 20, which is assigned to the high-value off-road vehicle traffic zone but has soil with a high sand content. These findings indicate the impact of vehicles on the soil compaction of the trail. Based on the macromorphological and micromorphological characterization of the 12 profiles, 4 representative profiles were selected, with 2 from the trailbed (P4 and P20M) and the other 2 from the margins (P2 and P20T). Regardless of the location on the trailbed or edge, 2 classes of soil profiles were defined (Table 1 , Fig. 4 ): 1) profiles with an E horizon, such as P4 and P2, which showed the eluviation of organic matter to the deeper horizons, were differentiated from Spodic B horizons (Be) and Podzol class soils (FAO, 1998) and presented thicknesses between 100 cm and 200 cm; 2) less developed profiles with an A horizon over the C horizon and featuring Fluvisol class soils (FAO, 1998) . Both types of profiles have a sandy texture, grainy structure, no visible voids and loose consistency.
The micromorphology analysis of the surface horizons shows a groundmass constituted basically of unsorted coarse material with a grain size ranging from very coarse sand to silt (Fig. 4) .
The frequency distribution of the fine material ranges from very few to few in the A and E horizons, respectively. The basic orientation pattern is random, and the related distribution is enaulic to chitonic. The grade of pedality is moderately to strongly developed in the A and E horizons, respectively. In P4, we found a floating zone; and in P11, we found a sandy zone; these characteristics contribute to clay and sandy texture formation, respectively, thus confirming the granulometry (Table 1) . Voids occur inside and across aggregates. According to the morphological classification of Brewer (1964), complex packing voids (Bullock, 1985a) occur between grains and small aggregates in the upper horizon and channels in the E horizon. Complex packing voids are mesosized (30-75 µm) to micro-sized (5-30 µm) (Brewer, 1976) , and the channel is larger. The total void space as a proportion of the groundmass changes from 10 % in the A horizon to 20 % in the E horizon. The voids do not exhibit orientation patterns, and voids with compaction features (flat, horizontally elongated with flat ends) are not commonly observed in compacted soils (Brewer, 1964 (Brewer, , 1976 Chauvel, 1979; Bullock et al., 1985a; Stoops and Jongerius, 2003; Castro, 2008) . Pedofeatures, such as coating, infrequently occur in certain upper horizons in the trailbed.
Textural porosity (nitrogen liquid adsorption)
The adsorption-desorption of liquid nitrogen by the BET method in the aggregates showed that the voids with a smaller size (cavities or interstices) in the trailbed require more pressure and a greater amount of N 2 to be filled (Fig. 3) . Bruand and Cousin (1995) observed that during the compaction process, porosity decreases with the presence of clay soils. Although soil was not monitored over a considerable period of time, none of the samples were typically classified as having a clay texture. Thus, all samples were predominantly sandy with smaller quantities of silt and clay (Table 1) . The isotherms of type 3 are generally convex throughout the adsorption process, indicative of a weak interaction between gas and solids related to physical forces (Gregg and Sing, 1982) . These forces indicate the prevalence of physical interactions over chemical ones between aggregates. This finding strengthens the perception that the soils in the study area have a high sand fraction that likely consists almost entirely of quartz grains because of the dominant lithology, which is rich in quartz (quartzites, diamictites and fluvial sediments). In the present work, the strong presence of the quartz sand fraction justifies the prevalence of physical interactions. In addition, the high stability of quartz grains to chemical weathering leads to the formation of cavities instead of voids on the surface of the grains. According to Condon (2006) , isotherm type 3 "is characteristic of a material, which is not porous, or possibly macroporous, and has a low energy of adsorption".
Morphological and micromorphological characterization of the soil profiles
The initial hypothesis of the work (greater compaction in the trailbed) is also confirmed in the void distribution and cumulative areas in the surface horizons (typically A horizon) of the trailbed, such as P2A and P20T A. Józefaciuk et al. (2004) observed that soil organic matter affects the structure and properties of the voids and promotes decreased microaggregation and micropore volume, respectively. Therefore, acid and alkaline treatments are recommended, and continuing studies are required to identify the soil porosity of the trail. The decrease in void size in the B horizon observed by Chretien and Peter (1987) in soils of alluvial terraces of the Saône River, France, was also observed in certain horizon samples at our study site, such as P4E and P2B1 (Table 1) , which indicated the illuviation of clay to the lower horizons (Fig. 4) . Although the B horizon samples were not analyzed via the N 2 BET method, the horizons immediately above these horizons (A) demonstrate that the trailbed samples exhibited a decreased pore size (Fig. 5) . 
Discussion
Public use of natural areas, such as conservation areas, leads to negative environmental impacts, such as soil compaction and other effects (including erosion and vegetation loss). Few studies have related these impacts to public use and considered pedological aspects, such as the macromorphology and micromorphology. A review of a wide range of studies on soil micromorphology, porosity, compaction and the relationships among these characteristics demonstrates that most studies have focused on agriculture and geotechnical engineering and present an economistic perspective of environmental conservation. Studies of soil porosity in agriculture are related to compression by the cultures themselves and the machinery used for preparation, planting and harvesting. Other studies focused on the "ecology of recreation" (Liddle, 1997; Hammitt and Cole, 1998) , limits of acceptable change (Stankey et al., 1985) , tourism carrying capacity (Cifuentes Arias, 1992) and other management methodologies related to visitation have not considered these pedological indicators.
Isotherms of type 3 (Gregg and Sing, 1982) were observed, which indicates that the samples have porosity that may not be compatible with the detection range of the N 2 BET method. Research has shown that this technique is hardly applicable to soils with high quartz sand fractions. Quartz is a mineral that is highly resistant to chemical weathering, and high levels of quartz performance result in more cavities than pores. The surface area of these cavities is larger than the depth, whereas the surface area of pores is smaller than the depth. Therefore, the chemical dissolution of quartz grains does not produce wells with a depth greater than the perimeter.
Porosity analyses are frequently based on the hypothesis that soil presents two distinct temporal compartments of different origins (Cousin et al., 1994) : structural porosity, which is related to the action of external agents (climatic factors, living organisms and agricultural use), and textural porosity, which results from the set of elementary particles (clay, silt and sand) and the voids between them. Therefore, textural porosity can vary widely depending on the nature of the elementary particles (particle size and mineralogy) and water status (Cousin et al., 1994) . Textural porosity can be divided into two sub-compartments (Fiès, 1984; Cousin et al., 1994) : lacunar porosity, which is caused by voids resulting from interactions between clay particles and the grains of the skeleton phase; and clay porosity, which is caused by the innate voids in the structure of these particles. When a soil undergoes compaction, the structural compartment is preferentially affected. Except for sandy soils and silty soils, the textural compartment is generally not modified under conditions with pressures of less than several dozens of MPa (Cousin et al., 1994) .
Micromorphology analyses identified several features of soil compaction that occur through the formation of horizontal voids, such as in P20T A, and decreased of texture in bottom horizons, as P20M E and P20T C (Fig.  3) . The textural porosity is correlated with an increase in the pressure of N 2 in the samples of the subsurface horizons, which indicates a reduction in void size (Fig. 4) . This finding has been confirmed by the use other techniques, such as penetrometry and macromorphological pedological analyses, in the studies of Pagliai (1994) and Mermut (2006) on soil management based on the micromorphology and relationship between micromorphology and soil quality, respectively. Simas et al. (2005) and Benites et al. (2007) analyzed soils of high-altitude rocky complexes in Serra do Cipó National Park and noted similar features related to the lithology, such as shallow soils, high aluminum saturation and coarse textures. Although this study did not examine the biological and chemical aspects of the lithology, a relationship with the physical characteristics was observed. This finding indicates the importance of soil compaction as an indicator of soil degradation (Hakansson and Voorhees, 1998) , and it can be characterized biologically (Whalley et al., 1994) or physically (Shestak and Busse, 2005) .
Conclusions
The findings presented in this article show that the trailbed and margins of the main trail to the geotouristic attraction Farofa Waterfall have been distinctly affected by tourist traffic (hiking) and horse traffic (horseback riding) as well as by bicycle and motor vehicle traffic. The results of the pedological analysis, which included penetrometry, macromorphology, micromorphology, and textural porosity measurements, suggest that the void area of the trailbed is smaller than that at the edge. This discrepancy is associated with natural vulnerability as well as human influences through the regular flow of pedestrians, bicycles, horses and motor vehicles.
Land use associated with finite natural resources should be planned in accordance with the sustainability of the processes involved, including macroscopic and microscopic processes, as well as their interrelations. It represents a niche that has not been thoroughly investigated in studies of geotouristic trails and could include the following aspects: training of tour guides for guided trails; development of interpretive panels and leaflets; installation of soil monoliths and different soilscapes along the trail (in trenches) and in visitor centers; and the installation of a soil trail based on the relationships among the textural properties, such as porosity, and soil compaction according to the micromorphological characteristics. Thus, natural areas, especially protected areas, are increasingly viewed as a counterpoint to the stress inherent in urban life, as suggested by Conway (2010) for the Anglesey Coastal Footpath, UK. The increased number of visitors in these areas has been a global trend. Studies investigating environmental indicators, which should be constantly monitored to reduce soil loss on geotouristic trails because of erosion, strengthen the management of these areas and positively contribute to the experience of visitors during their contact with nature.
